Abstract. Severe heat stroke (HS) consists of extreme hyperthermia with thermoregulatory failure, leading to high morbidity and mortality. Liver injury is a complication of HS that is associated with inflammatory responses and Kupffer cells (KCs), which are resident macrophages in the liver that serve as a major source of inflammatory cytokines; however, the association and the underlying mechanisms of KC functions in HS-induced endotoxemia and inflammation require an improved understanding. The important chemokine macrophage inflammatory protein-1α (MIP-1α) increases inflammatory responses and the secretion of inflammatory molecules from KCs, including tumor necrosis factor-α, interleukin (IL)-1β and IL-6. In addition, the activation of c-Jun N-terminal kinase (JNK) signaling is responsible for the development of liver inflammation. Therefore, HS animal and cell models were constructed in order to investigate the pathways involved in the HS-induced dysfunction of KCs. The results of the present study suggest that JNK may be involved in the MIP-1α-associated pathogenesis of KCs in HS injury.
Introduction
Heat stroke (HS) is a life-threatening disease with high morbidity and mortality that is characterized by extreme hyperthermia (>40˚C) with thermoregulatory failure (1) . Since heatwaves are responsible for HS injury and mortality in various parts of the world (2, 3) , there is a growing concern regarding the prevention and treatment of HS, particularly during military training in China (4, 5) . Accumulating evidence suggests that endotoxins and cytokines are implicated in the pathogenesis of HS (6) . Inflammatory cytokines are highly elevated in some HS patients and in animal models, and these levels correlate with organ failure and a fatal outcome (7) . The liver, a major organ of immunity that produces and responds to cytokines during inflammation, is notably damaged in HS (8) . The liver serves an important role in heat stress responses through the production of cytokines and, particularly, in the clearance of intestinal-derived endotoxins produced during hyperpyrexia, including lipopolysaccharide (LPS) (9) , which is associated with the regulation of Kupffer cells (KCs). KCs are the primary source of intrahepatic inflammatory cytokines (10) and the primary cause of increased LPS concentrations (11) .
KCs account for 80-90% of total resident macrophages in vivo (12) . KCs reside in the liver and remove immune complexes and intestinal bacterial products from the blood, which is essential for immunity against various pathologies (13) . KCs are critical in the clearance of gut-derived endotoxins by phagocytosis. Under normal conditions, KCs are involved in the interruption of the formation of endotoxins by phagocytosis and the simultaneous release of cytokines. Under conditions of ischemia-reperfusion, hemorrhagic shock and hemorrhagic pancreatitis, phagocytotic function of KCs is weakened by endotoxemia; however, their secretory function enhances inflammation, which results in multiple organ failure (14) . A previous study has reported that liver injury in rats with HS is associated with the increased secretion of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 by KCs (5) . Previous evidence suggests that the macrophage-derived macrophage inflammatory protein-1α (MIP-1α) stimulates the secretion of TNF-α, IL-1β, and IL-6 by peritoneal macrophages (15) . The association between MIP-1α and macrophages indicates that the expression of MIP-1α influences the alteration in the concentration of inflammatory cytokines secreted by KCs under heat stress.
MIP-1α is an important chemokine that activates immunocytes, promotes their chemotaxis, regulates the synthesis of cytokines and is involved in acute or mild inflammation (16) . MIP-1α is produced by immune cells, including macrophages, lymphocytes, neutrophils and dendritic cells (17) . As the largest group of macrophages in the human body, KCs are the major source of MIP-1α in the liver. In JNK signaling is required for the MIP-1α-associated regulation of Kupffer cells in the heat stroke response XIAO -JUAN CHEN  1* , ZHONG-ZHI TANG  1* , GUO-GUO ZHU  1 , QING CHENG  1 , the MIP-1α knock-out rat model, the levels of MIP-1α and the levels of cytokines, including TNF-α, IL-1β and IL-6, secreted by KCs are reduced compared with normal rats, and these alterations result in the downregulation of inflammatory responses (17) . A previous study on acute inflammatory liver injury demonstrated that MIP-1α secreted by KCs is increased, and anti-MIP-1α functions to decrease the inflammatory responses as well as the mortality rate of the rats (18) . A previous study using a liver ischemia-reperfusion injury model demonstrated that MIP-1α secreted by KCs is responsible for the inflammation associated with multiple organ failure (19) . Therefore, MIP-1α serves an important role in KC-associated inflammatory responses. As MIP-1α elevates inflammatory responses, it ensures that increased levels of inflammation are more serious in HS-induced liver injury. In order to identify the signaling pathways that mediate MIP-1α-associated inflammation in KCs, c-Jun N-terminal kinase (JNK) signaling was investigated, as previous studies have demonstrated that activation of the JNK signaling pathway contributes to the development of liver inflammation (20) . JNK, which is activated by various stimuli, including cytokines, serves a role in cell responses, inflammation and apoptosis (17) . Previous research demonstrates that the JNK signaling pathway is potentially activated in trauma, stress and ischemia-reperfusion (21) . A previous study have demonstrated that JNK signaling is partially responsible for the activation of macrophages and macrophage-induced renal injury (22) . In addition, the activation of JNK signaling stimulates the production of pro-inflammatory factors, including TNF-α and IL-1, which lead to further exacerbation of the inflammatory response (23) . It was hypothesized that KC-secreted MIP-1α promotes inflammation through the JNK signaling pathway during HS. In the present study, HS animal and cell models were constructed to detect changes in KCs and the association with MIP-1α and the JNK signaling pathway.
Materials and methods

Experimental animals.
The experiments were performed in 40 adult male Wistar rats weighing 250-300 g and aged 10-12 weeks old, obtained from the Animal Resource Center of Hubei Provincial Academy of Preventive Medicine (Wuhan, China). The animals were housed at a temperature of 25˚C and were given free access to food and water in the specific pathogen-free facility at Wuhan General Hospital of Guangzhou Command (Wuhan, China). All of the animal studies were approved by the Animal Ethics Committee of Wuhan General Hospital of Guangzhou Command in accordance with the Guide for the Care and Use of Laboratory Animals of the State Scientific and Technological Commission of China.
The animals were randomly assigned to two groups. The experimental group consisted of rats that were placed in a warm blanket of the instrument for maintaining animal body temperature (SS-20-2; Anhui Huaibei Zhenghua Biological Apparatus Co., Ltd., Anhui, China) at 40˚C throughout the experiment and was correspondingly named the HS group. An intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight) was administered to anesthetize the animals.
Induction of heat stress. The rats in the experimental group were placed in a folded heating blanket, with the temperature set to 40˚C. A towel was placed between the animals and the warm blanket to avoid burns. The core temperature (represented by the rectal temperature) was monitored by the PowerLab Data Acquisition and Analysis System (AD Instruments, Shanghai, China) every 5 min. The point at which the systolic blood pressure (represented by the caudal artery systolic pressure) decreased from its peak value was taken as the onset of HS. The rats were removed immediately from the heating blanket and returned to room temperature (25˚C).
Isolation of KCs.
The liver was perfused with physiological saline containing 0.01% EDTA through the portal vein for ~25 min until the liver tissue was completely softened. The liver was removed, crushed using scissors and digested into liquid, which was filtered through a 200-mesh strainer into a 50 ml centrifuge tube. The filtrate was washed thoroughly in RPMI-1640 (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) at 2,500 x g for 5 min at 4˚C and suspended in 12 ml RPMI-1640. A 12 ml cell suspension was placed on 15 ml 50% Percoll solution (Pharmacia; GE Healthcare Life Sciences, Little Chalfont, UK) and 20 ml 25% Percoll solution, and the mixture was centrifuged at 2500 rpm for 20 min. The cells between the layers of 25% Percoll solution and 50% Percoll were slowly extracted and resuspended in RPMI-1640 containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml). The cell suspensions were plated on 10-cm culture dishes and placed in a humidified incubator at 37˚C, containing 5% CO 2 . After 6 h, the cell supernatants were discarded, and the cells were washed three times with PBS at 37˚C. In total >95% of the adherent cells were KCs, as determined by examination of cluster of differentiation (CD)163 staining, and the cell viability >90%, as demonstrated through trypan blue exclusion analysis. To explore whether the JNK signaling pathway was associated with the regulation of phagocytic and secretory functions of KCs during HS, a JNK inhibitor (SP600125; Wuhan Myhalic Biotechnology Co., Ltd., Wuhan, China) was used to treat cultured KCs. KCs were cultured for 24 h, and then treated with 50 µM SP600125 for the indicated periods of time.
Measurement of phagocytic function in vivo and in vitro.
The phagocytic activity of KCs in each group were determined following HS termination. In vivo, the caudal vein was injected with a 1:10 dilution of India ink in 0.9% saline (0.25 ml/100 g). The animal was sacrificed following the India ink injection, and the liver was processed and stained with eosin. The consumption of carbon by KCs was observed with a microscope. LPS concentrations were detected in the peripheral blood using a ToxinSensor™ Chromogenic LAL Endotoxin Assay kit (GenScript Corporation, Piscataway, NJ, USA) according to the manufacturer's protocol. Orbital blood was collected following the injection of diluted India ink, and the phagocytic index K value was calculated subsequent to the absorbance being measured (24) . In vitro, isolated KCs were plated in a 96-well plate at a density of 5x10 6 cells/ml and incubated overnight. pHrodo™ Escherichia coli BioParticle-conjugated particles (Molecular Probes; Thermo Fisher Scientific, Inc.), dissolved in RPMI-1640 at a concentration of 1 mg/ml, were added to each well. The procedure was performed using the pHrodo™ E. coli BioParticles ® Phagocytosis kit for Flow Cytometry (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. The cells were resuspended in 200 µl staining buffer and analyzed using an LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data analysis was conducted using the accompanying FACSDiva v8.0 and FCAP Array v3.0 software (BD Biosciences). Interferon (IFN)-γ (RA20684), IL-1β (RA20020), TNF-α (RA20035) and MIP-1α (RA20996) concentrations in the medium of cultured KCs and the peripheral blood, were detected using ELISAs (Bio-swamp Life Science Lab, Wuhan, China) in the HS and control groups.
Silencing of MIP-1α. The small interfering RNA (siRNA) targeting rat MIP-1α (siMIP-1α; 5'-CAG CGC CAU AUG GAG CUG AC-3') was purchased from Thermo Fisher Scientific, Inc. KCs were transfected with siRNAs using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Assays were performed 48 h following transfection.
Immunofluorescence. Liver tissues were fixed in formalin and blocked in 10% normal goat serum (Wuhan Boster Biological Technology, Ltd., Wuhan, China) for 30 min at 37˚C. The tissues were incubated with a primary antibody against CD163 (1:100; sc-18796; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C and amplified with rabbit anti-goat IgG secondary antibody (1:1,000; ab150141; Abcam, Cambridge, England) conjugated to Alexa Fluor 488 for 1 h at 37˚C. For co-localization with CD163, sections were co-stained overnight with a primary antibody against p-JNK (1:100; sc-293136) or MIP-1α (1:100; sc-365691) (both from Santa Cruz Biotechnology, Inc.) overnight at 4˚C and amplified with goat anti-mouse IgG secondary antibody (1:500; ab175473; Abcam) conjugated to Alexa Fluor 568 for 1 h at 37˚C. Prior to observation, DAPI was used to label the nuclei. Images were acquired using a fluorescence microscope (OLYMPUS BX51; Olympus Corporation, Tokyo, Japan) with appropriate filters. The images are presented as single-color stains of green and red to exhibit the localization of the two markers in the cells. Merged images are presented below the images with single-color stains. The two markers that were co-expressed in cells at a similar location are often observed in yellow.
Immunoblotting. Following the different treatments, the cells or livers were harvested, washed three times with PBS and lysed in radioimmunoprecipitation buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 30 µg/ml aprotinin, 50 µg/ml leupeptin and 1 mM phenylmethane sulfonyl fluoride] on ice for 30 min. The cell lysates were centrifuged at 12,000 x g and 4˚C for 10 min, and the supernatant was collected. Protein concentrations were measured using a Bicinchoninic Acid Protein Assay kit (P0010S; Beyotime Institute of Biotechnology, Shanghai, China). Protein was loaded at a concentration of 30 µg per lane and separated by 10% SDS-PAGE. Following electrophoresis, the proteins were transferred onto polyvinyl difluoride membranes (Merck KGaA, Darmstadt, Germany), incubated with 5% non-fat milk for 1 h and then incubated overnight at 4˚C with the primary antibodies. The primary antibodies were as follows: Anti-MIP-1a antibody ( 
Statistical analysis.
Results are expressed as the mean ± standard deviation. All experimental data were analyzed using one-way analysis of variance followed by the least significant difference t-test. P<0.05 was considered to indicate a statistically significant difference. All analyses were performed using SPSS software (version 19.0; IBM SPSS, Armonk, NY, USA).
Results
HS inhibits the phagocytic activity of KCs.
To determine whether HS is responsible for changes in the phagocytic function of KCs, latex beads and a pHrodo E. coli BioParticles Phagocytosis kit for Flow Cytometry was used to detect the phagocytic activity of cultured rat KCs in each group. The phagocytic activity of KCs was significantly decreased in the HS group compared with the control group, as presented in Fig. 1A-C (P<0.05) .
In order to estimate the phagocytic function of KCs in vivo and further confirm that increased temperatures affect the phagocytic function of KCs, the livers of each group were stained with eosin, and the consumption of carbon by the KCs was observed microscopically subsequent to the caudal vein being injected with diluted India ink (Fig. 1D) . As presented in Fig. 1E , the phagocytic activity of KCs exhibited a trend similar to that observed in vitro (P<0.05). KCs help protect the intestines from attack by bacteria and endotoxins via phagocytosis and removal from the blood. In order to further analyze the phagocytic function of KCs in vivo, LPS concentrations were detected in the peripheral blood using a ToxinSensor™ Chromogenic LAL Endotoxin Assay kit. As presented in Fig. 1F , the LPS concentration was increased at HS onset and continued to increase to a high level compared with that in the control group (P<0.05), indicating that KCs failed to eliminate endotoxins from the blood. The results of the present study suggest that the phagocytic activity of KCs is reduced in HS conditions in vitro and in vivo.
HS activates the secretory function of KCs. In order to determine whether HS is responsible for altering the secretory function of KCs, the concentrations of IFN-γ, IL-1β, TNF-α and MIP-1α in the medium of the cultured KCs were measured in each group. As presented in Fig. 2A-D 
Expression of MIP-1α positively regulates the inflammatory function of KCs in HS.
Since MIP-1α concentrations increased in blood and the culture medium in the HS models, MIP-1α expression in KCs was assessed in vitro and in vivo. MIP-1α expression in the KCs of the rat livers increased gradually at the beginning of HS compared with MIP-1α expression in the control group (Fig. 3A) ; additionally, MIP-1α protein levels increased in the cultured liver cells and liver tissues (Fig. 3B) . By silencing MIP-1α in the cultured KCs (Fig. 3C) , the concentrations of IFN-γ, IL-1β and TNF-α secreted by the KCs were decreased during HS compared with the HS group (Fig. 3D) .
Phosphorylation of JNK increases during HS.
The JNK signaling pathway may be activated in trauma, stress, and ischemia-reperfusion. In order to determine whether the JNK signaling pathway is activated by KCs in the HS model, p-JNK was assessed. As presented in Fig. 4A , the red fluorescence demonstrates that JNK phosphorylation in KCs and other liver cells increased during the time course following HS compared with the control group. As presented in Fig. 4B and C, p-JNK protein levels increased during the time course following HS compared with the control group. The present results indicate that JNK is activated during HS.
JNK signaling pathway is involved in MIP-1α-mediated regulation of KC function in HS.
In order to explore whether the JNK signaling pathway is associated with the regulation of KC phagocytic and secretory function during HS, the JNK inhibitor sp600125 was used in the experiments with cultured KCs. The latex beads and pHrodo E. coli BioParticles Phagocytosis kit for Flow Cytometry analysis demonstrated that JNK inhibition improved the phagocytic activity of the KCs (Fig. 5A-C) , whereas the detection of the inflammatory factors in the culture medium revealed that KC secretory function was reduced compared with the HS group (Fig. 5D-F) . Secreted MIP-1α levels in the KC medium were decreased via JNK inhibition. In addition, MIP-1α levels in KC total protein extractions were reduced compared with the HS group. The present results suggest that JNK is involved in the regulation of KC function.
Discussion
In the present study, it was demonstrated that the phagocytic activity of KCs is reduced and the secretory function of KCs is increased in vitro and in vivo following HS. Additionally, the JNK signaling pathway is potentially responsible for MIP-1α-mediated regulation of KC function in the HS cellular model.
KCs are resident macrophages that serve important roles in liver processes, including regeneration, fibrogenesis, inflammation and necrosis (11) . The inflammatory cytokines produced by activated KCs are involved in the pathogenesis of various types of liver injury, including viral hepatitis (25) , alcoholic liver disease (26) and ischemia-reperfusion injury (27) . Previous studies have demonstrated that the secretory function of KCs changes in several conditions, including hyperpyrexia, and that the inhibition of cytokine secretion by KCs leads to the reduction of liver injury (5) . In the present study, an acute increase in the secretion of inflammatory factors by KCs subsequent to HS being observed, indicating that HS activates the KC-mediated inflammation response.
KCs eliminate and decompose various exogenous and endogenous substances, including gut-derived endotoxins in the liver, which is an essential regulatory function. LPS, which is located on the outer wall of gram-negative bacteria, is predominantly eliminated by KCs in the liver (28) . KC activation by LPS causes the release of IL-1, IL-6, TNF-α and other inflammatory cytokines and triggers additional inflammatory processes (29) . Elevated levels of endotoxin (LPS) delivered to the liver via portal blood may cause liver injury (30) . In the present study, a decrease in the phagocytic activity of KCs following HS was noted, and increased LPS levels indicated that the ability of KCs to decompose LPS was weakened.
As the phagocytic activity of KCs decreases while the secretory function increases during HS to promote inflammatory responses, and since MIP-1α is a pro-inflammatory factor in macrophages, MIP-1α was the focus of the present study. MIP-1α is a member of the cysteine chemokine subfamily and is involved in the regulation of cell-mediated immunity (31) . MIP-1α attracts and stimulates basophils to secrete pro-inflammatory substances (32) . Previous studies have demonstrated MIP-1α protein and mRNA overexpression in KCs following liver ischemia-reperfusion injury (19) . As little is known regarding MIP-1α expression in heat-stressed conditions, a model of HS was established in order to investigate alterations in MIP-1α expression in KCs, and it was identified that MIP-1α expression increased gradually following HS onset. However, MIP-1α silencing in KCs resulted in reduced levels of inflammatory cytokine secretion by KCs subsequent to HS compared with the HS group.
In order to investigate the mechanism of MIP-1α-associated translation of the production of pro-inflammatory cytokines by KCs in HS, the stress-associated nuclear import pathways, including JNK signaling, were examined. The JNK signaling pathway is reported to be associated with the development of liver inflammation and mammalian TNF-α signaling (20, 33) . JNK serves a major role in cell responses, inflammation, apoptosis and heat stress, particularly in KCs (16, 34, 35) . However, an association between the function of KCs and JNK has not been established. Consistent with these observations, a time-dependent activation of JNK phosphorylation was demonstrated 1-5 h following HS. Following inhibition of JNK phosphorylation by sp600125 in KCs in vitro and in vivo, decreased amounts of inflammatory cytokines and MIP-1α were produced from activated KCs, whereas increased phagocytic activation of KCs was detected following HS compared with that in the HS group without inhibition.
In the present study, all of the experiments were undertaken with animal and cell models, which provide a powerful tool for HS studies. However, the results obtained with the models may not be consistent with those obtained from studies in humans, therefore further clinical studies are required.
In conclusion, the present study indicates that KC function alters in HS-induced injury. Furthermore, it emphasizes that HS enriches the expression of MIP-1α in KCs and the phosphorylation of JNK, and that JNK signaling is required for the HS response.
